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SYSTEM AND METHOD FOR INTERNALLY
INSPECTING A TUBULAR COMPOSITE
PART

TECHNOLOGICAL FIELD

An example embodiment relates generally to a system and
method for internally inspecting a tubular composite part
and, more particularly, to a system and method employing an
endpoint adapter configured to be moved through a tubular
composite part so as to 1dentity and measure adhesive tlow
and resin pocket thickness therewithin.

BACKGROUND

Parts are commonly inspected, both during the initial
assembly of a structure icorporating a part and thereafter
during the lifetime of the structure, i order to identily
anomalies that may need to be addressed prior to placing or
returning the structure to service. Some parts are more
challenging than other parts to reliably inspect. In this
regard, tubular parts, particularly tubular parts having a
relatively small cross-sectional area, may be more challeng-
ing to mspect than other more laminar structures. However,
it 1s still frequently desirable to mspect such tubular parts to
identily anomalies. For example, in 1nstances in which the
tubular part 1s a component of a composite structure, the
ispection of the tubular part 1s desirable 1n order to detect
the presence of resin or adhesive material within the tubular
part, such as to detect the formation of resin pockets
therewithin. In this regard, the presence of resin or adhesive
within a tubular part may be indicative of a structural
anomaly and may merit further consideration by a technician
to ensure that the presence of resin or adhesive 1s addressed
if the resin or adhesive, such as a resin pocket, 1s potentially
indicative of a reduction in the structural integrity of the
composite structure or an imperfection in the process of
fabricating the composite structure.

A vent stringer of an aircraft 1s an example of a tubular
part that 1s a component of a composite structure. Vent
stringers are generally cured and are then mounted to an
uncured wing skin utilizing a film adhesive. During subse-
quent curing of the wing skin within an autoclave, the film
adhesive 1s also cured. In some instances, the film adhesive
may flow into the interior of the vent stringer. As excess
adhesive may create 1ssues for the fuel system if the excess
adhesive should come loose, vent stringers are ispected to
determine the extent of the adhesive, i any, within the vent
stringer such that measures may be taken to reduce the
extent of the adhesive if an excess amount of adhesive 1s
detected within the vent stringer.

As a result of their shape and size, vent stringers and other
tubular parts have proven to be challenging to inspect.
Visible 1images of the interior of a tubular part have been
collected and analyzed for purposes of inspecting the tubular
part. The resulting visible images permit resin and adhesive
that 1s within the tubular part to be identified. However, the
visible 1mages of the interior of the tubular parts generally
do not permit the resin or adhesive that 1s detected there-
within to be quantified, such as in terms of area, length,
width, depth or the like. Without quantification of the
adhesive or resin that 1s detected within a tubular part, a
technician may be unable to reliably determine whether the
adhesive or resin that i1s i1dentified within the tubular part

10

15

20

25

30

35

40

45

50

55

60

65

2

merits any remedial action prior to placing or returning the
structure that incorporates the tubular part into service.

BRIEF SUMMARY

A system and method for internally 1mspecting a tubular
composite part so as to 1dentily and measure adhesive tlow
and resin pocket thickness therewithin are provided, along
with an endpoint adapter assembly of a near infrared (NIR)
spectrometer. The system, endpoint adapter assembly and
method of example embodiments of the present disclosure
permit adhesive flow to not only be identified, but also
quantified, such as in terms of depth, area, length, width, etc.
Based upon the quantification of adhesive tlow identified
within a tubular composite part, an educated determination
may be made as to whether the tubular composite part
should be subjected to further processing in order to address
the adhesive flow therewithin. Thus, the system, endpoint
adapter assembly and method of example embodiments of
the present disclosure provide for the reliable and detailed
internal inspection of tubular composite parts such that the
resulting structures incorporating the tubular composite
parts may operate with enhanced reliability.

In an example embodiment, a system 1s provided for
internally ispecting a tubular composite part to 1dentity and
measure adhesive flow therewithin. The system of this
example embodiment includes an end point adapter config-
ured to fit within and to maintain a consistent cross-sectional
position within the tubular composite part. The system also
includes a plurality of optical fibers extending radially
outward from the end point adapter. The end point adapter
1s configured to be moved longitudinally through the tubular
composite part so as to receive light with the plurality of
optical fibers following interaction of the light with the
tubular composite part at each of a plurality of determinable
longitudinal positions within the tubular composite part. The
system ol an example embodiment also includes a near
infrared (NIR) imaging spectrometer configured to disperse
the light being collected by each of the plurality of optical
fibers across an NIR spectrum. The system of this example
embodiment further includes a NIR camera configured to
generate images of the tubular composite part based on light
being collected by each of the plurality of optical fibers
following dispersal across the NIR spectrum.

The end point adapter of an example embodiment 1s
configured to be positioned within the tubular composite
part such that a respective optical fiber 1s perpendicular to
that portion of a surface of the tubular composite part
proximate the respective optical fiber. The plurality of
optical fibers of an example embodiment extend outward
from the end point adapter such that the optical fibers that
extend outward from one portion of the end point adapter
have a greater density than the optical fibers that extend
outward from another portion of the end point adapter.

The NIR 1maging spectrometer of an example embodi-
ment includes an input slit. The system of this example
embodiment also includes a sensor adapter configured to
terminate the plurality of optical fibers such that the end
portions of the optical fibers are disposed at the mput slit of
the NIR 1maging spectrometer. The system of an example
embodiment also includes an encoder carried by the end
point adapter and configured to provide positional informa-
tion from which the longitudinal position of the end point
adapter within the tubular composite part 1s determinable.

The system of an example embodiment also includes a
plurality of mput optical fibers configured to move with the
end point adapter through the tubular composite part. The
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plurality of input optical fibers are also configured to provide
light 1n order to 1lluminate an internal surface of the tubular
composite part. The system of an alternative example
embodiment also includes a light emitting diode (LED) or an
incandescent light source carried by the end point adapter
and configured to illuminate the internal surface of the
tubular composite part. The end point adapter of an example
embodiment also includes one or more frames with a
respective frame including three or more contact members
for riding along an internal surface of the tubular composite
part as the end point adapter 1s advanced longitudinally
therethrough.

In another example embodiment, an end point adapter
assembly of a near infrared (NIR) spectrometer 1s provided.
The end point adapter assembly includes an end point
adapter including two or more frames spaced apart from and
connected to one another. At least two of the frames include
three or more contact members configured to ride along an
internal surface of a tubular composite part as the end point
adapter 1s advanced therethrough. The end point adapter
assembly of this example embodiment also includes a plu-
rality of optical fibers extending radially outward from the
end point adapter and configured to receive light following
interaction of the light with the tubular composite part at
cach of a plurality of determinable longitudinal positions
within the tubular composite part.

The end point adapter of an example embodiment
includes at least three frames including first and second end
frames and an intermediate frame disposed between the first
and second end frames. The at least three frames are spaced
apart 1n a longitudinal direction from and operably con-
nected to one another. The plurality of optical fibers of this
example embodiment extend outward from the intermediate
frame. The end point adapter of an example embodiment 1s
configured to be positioned within the tubular composite
part such that a respective optical fiber 1s perpendicular to
that portion of a surface of the tubular composite part
proximate to the respective optical fiber. The plurality of
optical fibers of an example embodiment extend outward
from end pomt adapter such that the optical fibers that
extend radially outward from one portion of the end point
adapter have a greater density than the optical fibers that
extend radially outward from another portion of the end
point adapter.

The end point adapter assembly of an example embodi-
ment also includes a plurality of input optical fibers config-
ured to move with the end point adapter through the tubular
composite part. The plurality of iput optical fibers are also
configured to provide light in order to 1lluminate an internal
surface of the tubular composite part. The end point adapter
assembly of an alternative example embodiment also
includes a light emitting diode (LED) or an incandescent
light source carried by the end point adapter and configured
to 1lluminate an internal surface of the tubular composite
part. The end point adapter assembly of an example embodi-
ment also includes an encoder carried by the end point
adapter and configured to provide positional information
from which the longitudinal position of the end point adapter
within the tubular composite part 1s determinable.

In a further example embodiment, a method 1s provided
for internally mspecting a tubular composite part to identily
and measure adhesive tlow therewithin. The method of this
example embodiment includes inserting an end point adapter
into the tubular composite part and moving the end point
adapter longitudinally through the tubular composite part
while the end point adapter maintains a consistent Cross-
sectional position within the tubular composite part. The
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method of this example embodiment also includes 1llumi-
nating an internal surface of the tubular composite part and

receiving light with a plurality of optical fibers carried by the
end point adapter following interaction of the light with the
tubular composite part at each of a plurality of determinable
longitudinal positions within the tubular composite part as
the end point adapter 1s moved therethrough. The method of
this example embodiment also 1ncludes dispersing the light
being collected by each of the plurality of optlcal fibers
across a near infrared (NIR) spectrum and generating images
of the tubular composite part based on the light being
collected by each of the plurality of optical fibers following
dispersal across the NIR spectrum.

The method of an example embodiment 1lluminates the
internal surface of the tubular composite part by providing
light via a plurality of input optical fibers that move with the
end point adapter through the tubular composite part. The
method of an alternative example embodiment 1lluminates
the internal surface of the tubular composite part by pro-
viding light with a light emitting diode (LED) or an incan-
descent light source carried by the end point adapter. In an
example embodiment, the plurality of optical fibers extend
radially outward from the end point adapter and the end
point adapter 1s positioned within the tubular composite part
such that a respective optical fiber 1s perpendicular to that
portion of a surface of the tubular composite part proximate
the respective optical fiber. The plurality of optical fibers of
an example embodiment extend outward from the end point
adapter such that the optical fibers that extend radially
outward from one portion of the end point adapter have a
greater density than the optical fibers that extend radially
outward from another portion of the end point adapter.

BRIEF DESCRIPTION OF THE

DRAWINGS

Having thus described certain example embodiments of
the present disclosure in general terms, reference will here-
inafter be made to the accompanying drawings which are not
necessarily drawn to scale, and wherein:

FIG. 1 1s a perspective view of a vent stringer secured to
skin with a film adhesive;

FIG. 2 1s a perspective view of an endpoint adapter
assembly 1n accordance with an example embodiment of the
present disclosure;

FIG. 3 1s an end view of the intermediate frame of the
endpoint adapter assembly of FIG. 2;

FIG. 4 15 a cross-sectional view of the endpoint adapter
assembly of FI1G. 2 disposed within the vent stringer of FIG.
1 in accordance with an example embodiment of the present
disclosure:

FIG. 5 1s a block diagram of a system for internally
ispecting a tubular composite part to identily and measure
adhesive flow therewithin 1in accordance with an example
embodiment of the present disclosure;

FIG. 6 1s a graphical representation of the absorbance of
adhesive of different depths;

FIG. 7 1illustrates the manner 1n which the output optical
fibers are provided to a slit defined by a near infrared
spectrometer 1n accordance with an example embodiment of
the present disclosure;

FIG. 8 15 a representation of the different spectra of near
infrared light that are recerved at different longitudinal
positions within a tubular composite part in accordance with
an example embodiment of the present disclosure;

FIG. 9 1s a flowchart illustrating operations performed,
such as by the system of FIG. 5, in accordance with an
example embodiment of the present disclosure.
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FIG. 10a 1s a graphical representation of the thickness of
adhesive at different longitudinal positions within a tubular

composite part 1n accordance with an example embodiment
of the present disclosure;

FI1G. 1056 1s a graphical representation of the thickness of
adhesive at different circumierential positions about the
interior surface of a tubular composite part at a respective
longitudinal position within a tubular composite part i1n
accordance with an example embodiment of the present
disclosure; and

FIG. 11 1s an example of a report that may be generated
based upon the identification and measurement of the adhe-
sive tlow within a tubular composite part as provided by a
system and method 1n accordance with an example embodi-
ment of the present disclosure.

DETAILED DESCRIPTION

The present disclosure now will be described more fully
hereinafter with reference to the accompanying drawings, in
which some, but not all aspects are shown. Indeed, the
disclosure may be embodied in many different forms and
should not be construed as limited to the aspects set forth
herein. Rather, these aspects are provided so that this dis-
closure will satisty applicable legal requirements. Like num-
bers refer to like elements throughout.

A system and method are provided for internally imnspect-
ing a tubular composite part to 1dentily and measure adhe-
sive flow therewithin. The system and method of an example
embodiment are configured to inspect a variety of different
types of tubular composite parts imncluding those having a
relatively small cross-sectional area. By way of example, but
not of limitation, the system and method will be described
in conjunction with the mspection of a vent stringer of an
aircraft and, more particularly, of an aircrait wing. As noted,
however, the system and method are also capable of mspect-
ing other types of tubular composite parts utilized in con-
junction with a variety of other structures, such as structures
other than aircraft. In this regard, the tubular composite part
may have a variety of cross-sectional shapes including, for
example, a circular cross-sectional shape, a rectangular
cross-sectional shape, a trapezoidal cross-sectional shape, a
parallelogram cross-sectional shape or the like.

One example of a vent stringer 10 1s depicted in FIG. 1.
As shown, the vent stringer 10 1s a tubular composite part
and may be mounted upon an underlying structure 12, such
as a wing skin, so as to define an elongate internal cavity 14.
The vent stringer 10 of an example embodiment 1s formed
ol a composite material and 1s cured prior to being mounted
upon the underlying structure 12. As shown in FIG. 1, the
vent stringer 10 1s secured to the underlying structure 12
with a film adhesive 16 that 1s positioned between attach-
ment flanges 18 of the vent stringer and the underlying
structure. In an example embodiment in which the vent
stringer 10 1s mounted upon a wing skin, the vent stringer 1s
cured prior to being mounted upon the wing skin, but the
ng skin 1s uncured. Thus, the assembly consisting of the
wing skin, the vent stringer 10 and the film adhesive 16
positioned therebetween may be cured by placing the assem-
bly within an autoclave that serves the cure both the wing
skin and the film adhesive.

In some 1nstances, adhesive may tflow 1n to the internal
cavity defined by the tubular composite part. With respect to
the vent stringer 10 described above, a portion of the film
adhesive 16 may flow 1n to the internal cavity 14 defined by
the vent stringer. Although the adhesive may be located at a
variety of different positions within the tubular composite
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part, some tubular composite parts, such as the vent stringer
10, include one or more corners 20 1n which the adhesive
may cool or otherwise form. As a result, resin pockets may
form 1n one or more internal corners 20 of the tubular
composite part. Resin pockets generally form during the
initial cure of a composite part, such as the vent stringer 10,
and are pure composite resin rather than a flow of excess
adhesive. By utilizing an example embodiment of the pres-
ent disclosure, resin pockets could be inspected prior to
attaching the vent stringer 10 to the underlying structure 12,
such as the wing skin.

In order to permit the tubular composite part to be
ispected so as to i1dentily and measure the adhesive tlow
therewithin, a system 50 (which 1s described 1n more detail
in FIG. 5) includes an endpoint adapter assembly 30 shown
in FIG. 2. The endpoint adapter assembly 30 includes an
endpoint adapter 32 configured to fit within and to maintain
a consistent cross-sectional position within the tubular com-
posite part. Although the endpoint adapter 32 may be
configured 1n various manners, the endpoint adapter of an
example embodiment 1s depicted in FIGS. 2 and 3. In this
example embodiment, the endpoint adapter 32 includes two
or more frames 34 spaced apart from and connected to one
another. In the illustrated embodiment, for example, the
endpoint adapter 32 includes three frames 34 spaced apart
from and connected to one another. More particularly, the
endpoint adapter 32 of FIGS. 2 and 3 includes first and
second end frames 34a and 34b and an intermediate frame
34¢ disposed between the first and second end frames 34qa
and 34b. The three frames 34 are spaced apart 1n a longi-
tudinal direction and are operably connected to one another.
In the illustrated embodiment, the first and second end
frames 34a and 345b are spaced equally from the intermedi-
ate frame 34c¢ 1n opposite longitudinal directions. However,
the frames 34 of the endpoint adapter 32 may be spaced
apart from one another by different amounts in other
embodiments. The frames 34 of the endpoint adapter 32 may
also be connected to one another 1n various manners. In the
illustrated embodiment, the endpoint adapter 32 includes a
housing 36, such as a rigid sleeve-like housing, that inter-
connects the frames 34. However, the frames 34 may be
connected 1n other manners including, for example, by one
or more longitudinally extending supports or ribs that extend
between a pair of frames and serve to connect the pair of
frames.

The endpoint adapter 32 also includes contact members
38, such as three or more contact members, for rnding along
an internal surface of the tubular composite part as the
endpoint adapter 1s advanced longitudinally therethrough as
described below. The contact members 38 of an example
embodiment are mounted on and carried by one or more of
the frames 34. For example, at least the first and second end
frames 34a and 345 and, 1n the 1llustrated embodiment, each
frame 34 includes a plurality of contact members 38 for
riding along the internal surface of the tubular composite
part and for maintaining a consistent cross-sectional position
of the endpoint adapter therewithin. The endpoint adapter 32
may include a variety of diflerent types of contact members
38 including, for example, wheels, slides, skis or the like.

The endpoint adapter assembly 30 also 1ncludes a plural-
ity ol output optical fibers 40 extending radially outward
from the endpoint adapter 32. The endpoint adapter assem-
bly 30 may include any number of output optical fibers 40,
but the endpoint adapter assembly of an example embodi-
ment includes between 50 and 1350 output optical fibers. In
the embodiment of FIGS. 2 and 3, the output optical fibers
40 extend from within an interior cavity 42 defined by the
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endpoint adapter 32 through the intermediate frame 1n a
radially outward direction. In order to permit the various
internal surfaces of a tubular composite part to be mspected,
the endpoint adapter assembly 30 of an example embodi-
ment includes output optical fibers 40 that extend radially
outward in a number of different directions. In one embodi-
ment, for example, the plurality of output optical fibers 40
extend radially outward 1n a plurality of different directions
that are offset by equal angular increments from one another.
As such, each output optical fiber 40 of this example
embodiment 1s oflset by a predefined angular increment,
such as 5°, from the neighboring output optical fibers. Thus,
relative to a reference point on the endpoint adapter 32 that
1s designated to be 0°, such as a reference point that is
centered along the upper portion of the endpoint adapter,
e.g., at 12 o’clock, the plurality of output optical fibers 40 of
this example embodiment will extend at 5° 10° 15°,
20°, . .. 345°, 350°, 355° and 360°.

In other embodiments, however, the plurality of output
optical fibers 40 that extend radially outward are not evenly
angularly distributed, but are, instead, selectively positioned
so as to have different densities in different directions. For
example, the output optical fibers 40 may be clustered so as
to have an increased density proximate those regions of the
tubular composite part that are most susceptible to the
accumulation of adhesive, such as corners 20, joints or other
part-specific features. Since resin pockets are more likely to
form 1n the comers 20 of a tubular composite part, the
endpoint adapter assembly 30 of an example embodiment
includes an increased density of output optical fibers 40
proximate the corners and a lower density of output optical
fibers proximate other portions of the tubular composite part
that are less likely to accumulate adhesive.

The endpoint adapter assembly 30 1s configured to be
moved longitudinally through the tubular composite part in
order to 1dentily and measure adhesive flow therewithin. In
this regard, FIG. 4 depicts the endpoint adapter assembly 30
of FIGS. 2 and 3 inserted within the vent stringer 10 of FIG.
1. As shown, the endpoint adapter assembly 30 fits snugly
within the tubular composite part with the contact members
38 riding upon the 1nternal surface of the tubular composite
part, such as, for example, an internal surface 11 of the vent
stringer 10, so as to maintain the endpoint adapter 32
including the plurality of output optical fibers 40 1n a
consistent relative position with respect to the internal
surface of the tubular composite part. Once inserted, the
endpoint adapter assembly 30 may be moved through the
tubular composite part in various manners. For example, the
endpoint adapter assembly 30 may include a crawler, that is,
a relatively slow moving propulsive device, configured to
move the endpoint adapter assembly longitudinally through
the tubular composite part at a predefined rate. Alternatively,
the endpoint adapter assembly 30 may be engaged by a rod
or other type of force member to permit a technician to push
the endpoint adapter assembly through the tubular compos-
ite part.

While the endpoint adapter assembly 30 1s advanced
longitudinally through the tubular composite part, the inte-
rior surface of the tubular composite part 1s 1lluminated with
near infrared (NIR) light from the NIR spectrum, which
extends from 750 nanometers to 2500 nanometers and, more
particularly with respect to the detection of adhesive or resin
pockets, to 900 nanometers to 1700 nanometers. As shown
in FIG. 5, the system 30 for internally mspecting a tubular
composite part ol an example embodiment not only includes
the endpoint adapter assembly 30, but also includes a NIR
illumination system 52. The NIR illumination system 52
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includes, 1n one embodiment, an NIR light source 53, such
as one or more NIR lasers, such as one or more light emitting
diodes (LEDs) having center frequencies within the NIR
spectrum, or an incandescent light source. The NIR light
source 33 may be carried by the endpoint adapter 30, such
as by being disposed within the interior cavity 42 of the
endpoint adapter, and directed so as to 1lluminate the interior
surface of the tubular composite part. Alternatively, the NIR
light source 33, such as one or more NIR lasers or the
incandescent light source, may be positioned outside of the
tubular composite part. In this alternative embodiment, the
NIR 1llumination system 52 also includes a plurality of input
optical fibers 535 shown in FIGS. 2 and 3, that extend
between the NIR light source 53 and the endpoint adapter
32. The plurality of input optical fibers 55 are configured to
move with the endpoint adapter 32 through the internal
cavity 14 within the tubular composite part. In this regard,
the plurality of input optical fibers 55 include first end
portions that are secured to the endpoint adapter 32. The first
end portions of the plurality of input optical fibers 535 are
directed such that the NIR light emitted by the NIR light
source 33 propagates through the plurality of mput optical
fibers 55 and illuminates the internal surface of the tubular
composite part. The plurality of input optical fibers 35 of this
example embodiment extend from their first end portions
secured to the endpoint adapter 32, through the tubular
composite part to their opposed second end portions that are
generally positioned outside of the tubular composite part.
In this regard, the second end portions of the mput optical
fibers 35 that are disposed outside of the tubular composite
part are 1n optical communication with the NIR light source
53. Thus, NIR light s1ignals provided by the NIR light source
53 propagate through the plurality of imnput optical fibers 55
and are emitted by the first end portions of the input optical
fibers so as to 1lluminate the internal surface of the tubular
composite part. In this embodiment, the plurality of mput
optical fibers 55 may be bundled, either with the plurality of
output optical fibers 40 as shown by bundle 57 in FIGS. 3
and 4 or separately from the plurality of output optical fibers,
such that the plurality of input optical fibers have suflicient
strength that the motive force required to advance the
endpoint adapter assembly 30 longitudinally through the
tubular composite part may be provided by pushing the
plurality of input optical fibers through the tubular compos-
ite part which, in turn, correspondingly longitudinally
advances the endpoint adapter assembly which carries the
first end portions of the mput optical fibers.

Upon activation, the NIR illumination system 52 of this
example embodiment 1lluminates the internal surface of the
tubular composite part. Regardless of the location of the NIR
light source 53, the NIR light signals may be directed at an
angle, such as 45°, onto the internal surface of the tubular
composite part to facilitate mspection of the imternal surface
as described below.

Following interaction of the NIR light with the tubular
composite part, the plurality of output optical fibers 40 that
extend radially outward from the endpoint adapter 32
receive the NIR light for a respective longitudinal position
within the tubular composite part. In an embodiment in
which the NIR light signals are directed at an angle, such as
45°, onto the internal surface of the tubular composite part,
the NIR light that 1s collected by the output optical fibers 1s
diffuse, as opposed to being the product of specular retlec-
tion, which facilitates the interrogation of the tubular com-
posite part. As a result of the diferent radially outward
directions 1n which the output optical fibers 40 extend, the
plurality of output optical fibers receive NIR light following
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its 1nteraction with different circumierential portions of the
internal surface of the tubular composite part, such as
different portions of the internal surface of the tubular
composite part located at different angular positions relative
to a reference position. For example, 1n an embodiment in
which the plurality of output optical fibers 40 extend radially
outward at equal angular increments, a first output optical
fiber may receive NIR light following interaction with that
portion of the internal surface of a tubular composite part at
0° relative to a reference point, a second output optical fiber
may receive NIR light following interaction with that por-
tion of the internal surface of a tubular composite part at 5°
relative to the reference point, a third output optical fiber
may recerve NIR light following interaction with that por-
tion of the 1nternal surface of a tubular composite part at 10°
relative to the reference point and so on.

As noted above, the endpoint adapter assembly 30 1s
configured to be advanced longitudinally through the tubular
composite part. Thus, the 1llumination of the internal surface
of the tubular composite part and the receipt of NIR light by
the plurality of output optical fibers 40 following the inter-
action of the light with the internal surface of the tubular
composite part may be repeated at a plurality of different
longitudinal positions within the tubular composite part. In
this regard, this inspection process may be repeated con-
tinuously as the endpoint adapter assembly 30 1s advanced
through the tubular composite part or at a predetermined
frequency as the endpoint adapter assembly 1s advanced
through the tubular composite part such that a predefined
step size 1s defined between adjacent longitudinal positions
at which the tubular composite part 1s inspected. At each
longitudinal position, a plurality of different circumierential
portions of the interior surface of the tubular composite part
are mspected with each output optical fiber 40 recerving NIR
light following 1ts interaction with a respective portion of the
interior surface of the tubular composite part.

In order to facilitate the reception of NIR light by the
plurality of output optical fibers 40 following the interaction
of light with the internal surface of the tubular composite
part, the plurality of output optical fibers of an example
embodiment are configured to extend outwardly from the
endpoint adapter 32 and the endpoint adapter 1s configured
to be positioned within the tubular composite part such that
a respective output optical fiber and, more typically, each
output optical fiber 1s perpendicular to that portion of the
internal surface of the tubular composite part proximate the
respective output optical fiber. In other words, for a respec-
tive output optical fiber, the longitudinal axis extending
lengthwise through the output optical fiber i1s perpendicular
to the portion of the mnternal surface of the tubular composite
part that 1s closest to and 1n alignment with the respective
output optical fiber. The end portions of the output optical
fibers 40 are generally close and, in some embodiments,
touching the interior surface of the tubular composite part.
For example, the end portions of the output optical fibers 40
of one embodiment are positioned within 5 mm of the
interior surface of the tubular composite part.

The position of the endpoint adapter assembly 30 and,
more particularly, the plurality of output optical fibers 40
that extend radially outward from the endpoint adapter 32,
1s determined and 1s maintained 1n association with the
results of the ispection. The position of the endpoint
adapter assembly 30 within the tubular composite part may
be determined 1n various manners. For example, 1n embodi-
ments 1n which the endpoint adapter assembly 30 1s pushed
through the tubular composite part by a rod or other force
member, the length of the rod or other force member that 1s
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inserted 1n to the tubular composite part provides a measure
of the longitudinal position of the endpoint adapter assembly
within the tubular composite part. Stmilarly, 1n the example
embodiment i which the NIR light 1s delivered by a
plurality of mput optical fibers 55 that extend from the
endpoint adapter assembly 30 through the tubular composite
part, the length of the plurality of iput optical fibers that
extend through the internal cavity 14 within the tubular
composite part provides a measure of the longitudinal posi-
tion ol the endpoint adapter assembly within the tubular
composite part.

Alternatively, the endpoint adapter assembly 30 may
include an encoder 43 carried by the endpoint adapter 32 and
configured to provide positional mnformation from which the
longitudinal position of the endpoint adapter within the
tubular composite part 1s determinable. Although the
encoder 43 may be configured in various manners, the
encoder of an example embodiment includes a wheel 44
carried by the endpoint adapter 32 and configured to rotate
as a result of its engagement with the internal surface of the
tubular composite part as the endpoint adapter assembly 30
1s advanced therethrough. By tracking the rotation of the
wheel 44 as the endpoint adapter assembly 30 1s advanced
longitudinally through the tubular composite part, a measure
of the longitudinal position of the endpoint adapter assembly
within the tubular composite part 1s provided. Thus, the
endpoint adapter assembly 30 of this example embodiment
also includes a sensing mechanism, such as an optical,
clectrical or mechanical sensor, configured to count the
number of rotations of the wheel 44 in order to provide a
measure of the longitudinal position of the endpoint adapter
assembly within the tubular composite part.

As shown in FIG. §, the system 50 of an example
embodiment also includes a near infrared (NIR) imaging
spectrometer 54 configured to disperse, for each respective
output optical fiber 40, the NIR light being collected by the
respective output optical fiber across the NIR spectrum. The
NIR light collected by a respective output optical fiber 40 1s
indicative of the interaction of the light with a respective
portion of the iternal surface of the tubular composite part.
However, the NIR light collected by a respective output
optical fiber 40 includes light having wavelengths across the
NIR spectrum with the light, such as the intensity of the
light, collected at each wavelength providing information
regarding the internal surface of the tubular composite part
at the respective location. In this regard, the interaction of
NIR light with different types of adhesive or resin (herein-
alter collectively referenced as adhesive) creates a distinc-
tive signature in terms of the relative itensity of the light
that returns and 1s collected at each of the diflerent wave-
lengths across the NIR spectrum such that an analysis of the
relative intensity of the returning light at different wave-
lengths across the NIR spectrum permits the presence of
adhesive to be 1dentified. Additionally, the overall intensity
of the light that returns and 1s collected at each of the
different wavelengths across the NIR spectrum provides a
measure of the thickness of the adhesive identified within
the tubular composite part.

In regards to the anticipated signature of diflerent types of
adhesive and the intensity of the light collected following
interaction with different depths of adhesive, a calibration
process may be employed relative to the same type of
tubular composite part prior to utilization of the method and
system 50 1n order to define the to the anticipated signature
of diflerent types of adhesive and the intensity of the light
collected following interaction with different depths of adhe-
sive. For example, FIG. 6 depicts the absorbance of adhesive
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of different depth ranging from 35 mils to 75 mils from which
the signature of the adhesive of different depths 1n terms of
the intensity of the light that returns and 1s collected at each
of the different wavelengths across the NIR spectrum 1is
determinable (since the NIR light that 1s not absorbed by the
resin returns and 1s collected by the output optical fibers 40
so as to define the signature of the adhesive).

In an example embodiment depicted 1n FIG. 7, the NIR
imaging spectrometer 54 includes an mput slit 54q. In this
example embodiment, the system 50 also includes a sensor
adapter 56 configured to terminate the plurality of output
optical fibers 40, such as the ends of the plurality of output
optical fibers that are opposite the ends of the output optical
fibers that collect the NIR light following interaction with
the internal surface of the tubular composite part. The sensor
adapter 56 of an example embodiment 1s configured to
terminate the plurality of output optical fibers 40 with the
end portions of the output optical fibers disposed at the input
slit 34a of the NIR 1maging spectrometer 54 such that the
light collected by each of the plurality of output optical
fibers 1s dispersed across the NIR spectrum.

The NIR 1maging spectrometer 54 of an example embodi-
ment 1s positioned outside of the tubular composite part.
Thus, the plurality of output optical fibers 40 of this embodi-
ment extend, such as 1n bundle 57, from the endpoint adapter
assembly 30, through the internal cavity 14 of the tubular
composite part to the sensor adapter 56 of the NIR 1mage
spectrometer 54 outside of the tubular composite part.

The system 50 of this example embodiment also includes
a NIR camera 58 configured to generate images of the NIR
light being collected by each of the plurality of output
optical fibers 40 following its dispersal across the NIR
spectrum. The NIR camera 58 includes a plurality of NIR
sensors to record the imcoming pattern of NIR radiation
provided by the plurality of output optical fibers 40. Each
sensor returns and electrical current when the sensor 1s
illuminated by the incoming light from a respective output
optical fiber 40. The NIR camera 58 then utilizes the
clectrical current generated by the sensors to generate the
1mages.

For example, the NIR camera 58 may be configured to
generate an 1mage at each longitudinal position within the
tubular composite part at which interior surface of the
tubular composite part 1s 1lluminated and the returning NIR
light 1s collected by the plurality of output optical fibers 40.
The image generated by the NIR camera 58 includes the
light collected by each of the plurality of output optical
fibers 40 following its dispersal across the NIR spectrum. In
this example embodiment, each image generated by the NIR
camera 538 may be associated with the longitudinal position
within the tubular composite part at which the interior
surface of the tubular composite part was mspected, such as
based upon positional mformation provided by the encoder
43. Based upon the images generated by the NIR camera 58,
adhesive flow within the tubular composite part may be
identified as described above and measured, such as by
determining one or more quantitative measures including
arca, width, length and depth of the adhesive flow. As a
result, a determination can be made as to whether remedial
action should be taken in order to remove or reduce the
adhesive tlow within the tubular composite part or whether
the adhesive flow 1s immaterial with respect to subsequent
performance of a structure including the tubular composite
part.

As shown 1n FIG. 8, the NIR camera 58 1s configured to
generate 1mages at each of a plurality of longitudinal posi-
tions within the tubular composite part—three of which
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designated 39a, 595 and 59¢ are shown for purposes of
illustration but not of limitation. As shown, the 1mages are
captured at different longitudinal positions y along the
tubular composite part. In addition, each 1mage includes the
NIR spectrum (designated A) collected by each of the
plurality of optical fibers (designated x). The images gen-
crated by the NIR camera 538 may be stored by a memory
device 60 of the system 50 and/or presented by a user
interface 62, such as a display, of the system, as shown 1n
FIG. 5. Although the memory device 60 may be configured
in various manners, the memory device may include, for
example, volatile and/or non-volatile memory. The memory
device 60 may comprise, for example, a hard disk, random
access memory, cache memory, flash memory, an optical
disc (e.g., a compact disc read only memory (CD-ROM),
digital versatile disc read only memory (DVD-ROM), or the
like), circuitry configured to store information, or some
combination thereof. In this regard, the memory device 60
may comprise any non-transitory computer readable storage
medium. The memory device 60 may be configured to store
information, data, applications, instructions, or the like for
enabling the system 30 to carry out various functions in
accordance with example embodiments of the present dis-
closure.

By analyzing the images generated by the NIR camera 58
at each of a plurality of consecutive longitudinal positions
within the tubular composite part and, more particular, the
contribution provided to the images generated by the NIR
camera by a respective output optical fiber 40 to determine
if the light 1s idicative of the presence of adhesive, the
length (in the longitudinal direction of the tubular composite
part) of adhesive that 1s identified (based on a correlation
between the signature of the adhesive and the NIR spectrum
of the light collected by the output optical fibers 40) may be
determined. Additionally, by analyzing the contributions
provided to a respective image generated by the NIR camera
58 by the light collected by neighboring output optical fibers
40 to determine if the light 1s indicative of the presence of
adhesive, the width (in the circumiferential direction of the
tubular composite part) of adhesive that 1s 1dentified may be
determined. Based on the length and the width, the area of
adhesive 1dentified within a tubular composite part may be
identified. Moreover, the depth of adhesive 1dentified within
a tubular composite part may also be determined based upon
the overall intensity of the light collected by the output
optical fibers 40 and 1maged by the NIR 1imaging spectrom-
cter 54 and the NIR camera 58.

The 1images generated by the NIR camera 58 may be
analyzed in various manners including implementation of
various automated or manual analysis techmiques. In the
embodiment of the system 50 depicted 1n FIG. 3, the system
also includes a controller 64. Among other functions, the
controller 64 1s configured to receive the images, or the raw
data representative of the images, generated by the NIR
camera 58 and to identily and quantily adhesive within the
tubular composite part, such as by determining the length,
width, area and/or depth of adhesive as described above. The
controller 64 of this example embodiment 1s also configured
to recerve position information from the encoder 43 and to
associate the location defined by the position information
with the respective 1image captured at the respective location.
In addition, in embodiments 1n which the advancement of
the endpoint adapter assembly 30 through the tubular com-
posite part 1s automated, such as 1n 1nstances 1n which the
motive force for the endpoint adapter assembly 1s provided
by a crawler or 1s otherwise automated, the controller 64
may be further configured to provide instructions directing
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and controlling the longitudinal advancement of the end-
point adapter assembly through the tubular composite part.

Although the controller 64 may be configured in various
manners, the controller of an example embodiment may be
embodied as one or more miCroprocessors, one or more
coprocessors, one or more multi-core processors, one or
more computers, various other processing elements 1nclud-
ing integrated circuits such as, for example, an ASIC (appli-
cation specific itegrated circuit) or FPGA (field program-
mable gate array), or some combination thereof. In some
example embodiments, the controller 64 1s configured to
execute instructions stored by the memory device 60 or
otherwise accessible to the controller. These instructions,
when executed by the controller 64, may cause one or more
of the functionalities described herein to be performed. As
such, the controller 64 and the memory 60 may comprise an
entity capable of performing operations according to
embodiments of the present disclosure while configured
accordingly. Thus, for example, when the controller 64 is
embodied as an ASIC, FPGA or the like, the controller and
the memory device 60 may comprise specifically configured
hardware for conducting one or more operations described
herein. Alternatively, as another example, when the control-
ler 64 1s embodied as an executor of instructions, such as
may be stored in the memory device 60, the instructions may
specifically configure the controller to perform one or more
algorithms and operations described herein.

As described, the system 50 of an example embodiment
1s configured to internally imspect a tubular composite part
so as to 1dentily and measure adhesive tflow therewithin. As
shown 1n block 70 of FIG. 9, the internal mspection of a
tubular composite part begins with the insertion of an
endpoint adapter 32 into the tubular composite part. The
endpoint adapter 32 1s then moved longitudinally through
the tubular composite part while the endpoint adapter main-
tains a consistent cross-sectional position within the tubular
composite part. See block 72. The internal surface of the
tubular composite part 1s then 1lluminated. See block 74. As
described above, the internal surface of the tubular compos-
ite part may be 1lluminated in various manners including by
providing light via a plurality of mput optical fibers 55 that
move with the endpoint adapter 32 through the tubular
composite part or by providing light with an NIR light
source 53, such as one or more light emitting diodes or an
incandescent light source, carried by the endpoint adapter.
Light 1s then received with a plurality of output optical fibers
40 carried by the endpoint adapter 32 following interaction
of the light with the tubular composite part at each of a
plurality of determinable longitudinal positions within the
tubular composite part as the endpoint adapter 1s moved
therethrough. See block 76. Thus, at each longitudinal
position as determined, for example, by an encoder 43,
different circumierential portions of the internal surface of
the tubular composite part are illuminated and light 1s
collected by the plurality of output optical fibers 40 follow-
ing interaction therewith. Moreover, this process of 1llumi-
nating diflerent circumierential portions of the internal sur-
face of the tubular composite part and collecting the light
that returns following interaction therewith 1s repeated at a
plurality of longitudinal positions along the length of the
tubular composite part.

At each longitudinal position, the light collected by each
of the plurality of output optical fibers 40 1s dispersed, such
as by an NIR spectrometer 54, across the NIR spectrum. See
block 78 of FIG. 9. Images are then generated by an NIR
camera 58 at each longitudinal position of the light collected
by each of the plurality of output optical fibers 40 following,
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dispersal across the NIR spectrum. See block 80. By ana-
lyzing the mages generated by the NIR camera 58, such as
with the controller 64, adhesive within the tubular composite
1s 1dentifiable. Adhesive flow within a tubular composite
part 1s also measurable, such as by quantifying the adhesive
in terms of length, width, area, depth or the like.

By way of example of the information that may be
determined based upon an analysis of the images generated

by the NIR camera 58, FIG. 10q depicts a thickness profile

of adhesive 1 one corner of a tubular composite part. In this
regard, the x-axis represents the frame number which, in
turn, 1s representative of the longitudinal position within the
tubular composite part from which the image was generated,
while the y-axis represents the thickness 1n mils. As shown,
the thickness of the adhesive various throughout the length
of the tubular composite part from being relatively thin 1n
from frames 230-330 and then being relatively thick from
frames 350-420. The thickness of the adhesive at various
circumierential positions about the interior surface of the
tubular composite part at a respective longitudinal position
may also be graphically represented as shown in FIG. 1056.
For frame 369 as designated by the solid vertical line 1n FIG.
104, the thickness 1n mils of the adhesive at various circum-
terential positions (designated 0-300 in FIG. 105) about the
interior surface of the tubular composite part 1s shown with
the adhesive thickness peaking at 31,221 muls,

FIG. 11 also illustrates a report that may be generated by
the controller 64. The report lists those locations within the
tubular composite part at which the adhesive exceeded a
predefined threshold and, as such ments further investiga-
tion. As such, the report generally 1dentifies the part 1n terms
of part name, area and forward/aft. The defect type 1s also
identified as well as various parameters determined for the
adhesive, such as location (such as 1n terms of a length 1n
inches along the tubular composite part from the opening at
one end thereot), width (in inches), depth (in mils), length
(1n inches) and width-to-depth (W/D) ratio at a respective
location. Additionally, those resin pockets having a depth
that exceeds a predefined threshold, such as 30 mils, may be
highlighted or otherwise flagged to facilitate their further
consideration.

By ispecting the interior of a tubular composite part in
this manner, adhesive therewithin may be reliably 1dentified
and quantified, such as by determining the depth such as the
depth of a resin pocket, as well as the surface area as defined
by the length and the width of the adhesive. Based upon a
quantification of the adhesive identified within the tubular
composite part, an educated determination may be made as
to whether remedial action should be taken to reduce or
climinate the adhesive that has been 1dentified based both
upon the size and extent of the adhesive as well as the
location of the adhesive within the tubular composite part.
As a result, the resulting structure including the tubular
composite part may thereafter perform in a more rehable
manner and with greater confidence.

Many modifications and other aspects of the disclosure set
forth herein will come to mind to one skilled in the art to
which this disclosure pertains having the benefit of the
teachings presented in the foregoing descriptions and the
associated drawings. Therefore, 1t 1s to be understood that
the disclosure 1s not to be limited to the specific aspects
disclosed and that modifications and other aspects are
intended to be included within the scope of the appended
claims. Although specific terms are employed herein, they
are used 1n a generic and descriptive sense only and not for
purposes of limitation.
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That which 1s claimed:
1. A system for internally inspecting a tubular composite

part to 1dentily and measure adhesive flow therewithin; the
system comprising;:

an endpoint adapter configured to it within and to main-
tain a consistent cross-sectional position within the
tubular composite part, wherein the endpoint adapter
comprises one or more frames with a respective frame
comprising three or more contact members for riding
along an internal surface while 1n contact with the
internal surface of the tubular composite part as the
endpoint adapter 1s advanced longitudinally there-
through;

a plurality of optical fibers extending radially outward
from the endpoint adapter, wherein said endpoint
adapter 1s configured to be moved longitudinally
through the tubular composite part so as to receive light
with the plurality of optical fibers following interaction
of the light with the tubular composite part at each of
a plurality of determinable longitudinal positions
within the tubular composite part, wherein the plurality
of optical fibers extend 1n a consistent relative position
with respect to the internal surface of the tubular
composite part, wherein the plurality of optical fibers
extending radially outward from the endpoint adapter
have an increased density proximate regions of the
tubular composite part having a relatively higher sus-
ceptibility to accumulation of adhesive than other
regions of the tubular composite part;

a near mirared (NIR) imaging spectrometer configured to
disperse the light being collected by each of the plu-
rality of optical fibers across an NIR spectrum; and

a NIR camera configured to generate images of the
tubular composite part based on light being collected
by each of the plurality of optical fibers following
dispersal across the NIR spectrum.

2. A system according to claim 1 wherein the plurality of
optical fibers extend outward from the endpoint adapter such
that the optical fibers that extend radially outward from one
portion of the endpoint adapter have a greater density than
the optical fibers that extend radially outward from another
portion of the endpoint adapter.

3. A system according to claim 1 wherein the NIR
imaging spectrometer comprises an mput slit, and wherein
the system further comprises a sensor adapter configured to
terminate the plurality of optical fibers such that end por-
tions of the optical fibers are disposed at the input slit of the
NIR 1maging spectrometer.

4. A system according to claim 1 further comprising a
plurality of mput optical fibers configured to move with the
endpoint adapter through the tubular composite part,
wherein the plurality of imput optical fibers are also config-
ured to provide near-infrared light of a wavelength from
about 750 nanometers to about 2500 nanometers in order to
illuminate an internal surface of the tubular composite part.

5. A system according to claim 1 further comprising an
encoder carried by the endpoint adapter and configured to
provide positional information from which the longitudinal
position of the endpoint adapter within the tubular compos-
ite part 1s determinable.

6. A system according to claim 1, wherein the regions of
the tubular composite part having a relatively higher sus-
ceptibility to the accumulation of adhesive comprise corners
or joints of the tubular composite part.

7. A system according to claim 1, wherein the end adapter
comprises at least three frames including a first end frame,
a second end frame, and an intermediate frame disposed
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between the first end frame and the second end frame,
wherein the at least three frames are spaced apart in a
longitudinal direction from and operably connected to one
another, and wherein the plurality of optical fibers extend
radially outward from the intermediate frame.

8. A system according to claim 7, wherein the at least
three frames are interconnected by longitudinally extending,
supports extending between the first end frame and the
intermediate frame, and between the intermediate frame and
the second end frame.

9. A system according to claim 1, wherein the plurality of
optical fibersextend radially outward from the end point
adapter to proximate the internal surface of the tubular
composite part.

10. A system according to claim 9, wherein the plurality
ol optical fibersextend radially outward from the end point
adapter to within five millimeters of the internal surface of
the tubular composite part.

11. A system according to claim 1, wherein the plurality
of optical fibers extend radially outward from the endpoint
adapter 1n directions surrounding the endpoint adapter.

12. A system according to claim 1, wherein the system for
ispecting a tubular composite part comprises a system for
ispecting a polygonal tubular composite part.

13. An endpoint adapter assembly of a near infrared (NIR)
spectrometer, the endpoint adapter assembly comprising:

an endpoint adapter comprising at least three frames

spaced apart 1n a longitudinal direction from and oper-
ably connected to one another, wherein the at least three
frames comprise first and second end frames and an
intermediate frame disposed between the first and sec-
ond end frames, wherein at least two of the three {frames
comprise three or more contact members configured to
ride along an internal surface of a tubular composite
part as the endpoint adapter 1s advanced therethrough,
wherein the endpoint adapter 1s configured to fit within
and maintain a consistent cross sectional position
within the tubular composite part; and

a plurality of optical fibers extending radially outward

from the endpoint adapter and configured to receive
light following interaction of the light with the tubular
composite part at each of a plurality of determinable
longitudinal positions within the tubular composite
part, wherein the plurality of optical fibers extend
radially outward from the intermediate frame, wherein
the plurality of optical fibers extend in a consistent
relative position with respect to the internal surface of
the tubular composite part.

14. An endpoint adapter assembly according to claim 13
wherein the plurality of optical fibers extend outward from
the endpoint adapter such that the optical fibers that extend
radially outward from one portion of the endpoint adapter
have a greater density than the optical fibers that extend
radially outward from another portion of the endpoint
adapter.

15. An endpoint adapter assembly according to claim 13
further comprising an encoder carried by the endpoint
adapter and configured to provide positional information
from which the longitudinal position of the endpoint adapter
within the tubular composite part 1s determinable.

16. A system for internally ispecting a tubular composite
part to 1dentily, and measure adhesive tlow therewithin, the
system comprising:

an endpoint adapter configured to fit within and to main-

tain a consistent cross-sectional position within the
tubular composite part, wherein the endpoint adapter
comprises at least three frames including a first end
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frame, a second end frame, and an intermediate frame
disposed between the first end frame and the second
end frame, wherein the at least three frames are spaced
apart 1n a longitudinal direction from and operably
connected to one another, wherein a respective frame
comprises three or more contact members for riding
along an internal surface while 1n contact with the
internal surface of the tubular composite part as the
endpoint adapter 1s advanced longitudinally there-

through;

a plurality of optical fibers extending radially outward

from the intermediate frame, wherein said endpoint
adapter 1s configured to be moved longitudinally
through the tubular composite part so as to receive light
with the plurality of optical fibers following interaction
of the light with the tubular composite part at each of
a plurality of determinable longitudinal positions
within the tubular composite part, wherein the plurality

of optical fibers extend 1n a consistent relative position
with respect to the internal surface of the tubular
composite part;

a near mirared (NIR) imaging spectrometer configured to

disperse the light being collected by each of the plu-
rality of optical fibers across an NIR spectrum; and

a NIR camera configured to generate images of the

tubular composite part based on light being collected
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by each of the plurality of optical fibers following
dispersal across the NIR spectrum.

17. A system according to claim 16, wherein the at least
three frames are interconnected by longitudinally extending,
supports extending between the first end frame and the
intermediate frame, and between the intermediate frame and
the second end frame.

18. A system according to claim 16 wherein the plurality
of optical fibers extend outward from the intermediate frame
such that the optical fibers that extend radially outward from
one portion of the mntermediate frame have a greater density
than the optical fibers that extend radially outward from
another portion of the intermediate frame.

19. A system according to claim 16 wherein the NIR
imaging spectrometer comprises an mnput slit, and wherein
the system further comprises a sensor adapter configured to
terminate the plurality of optical fibers such that end por-
tions of the optical fibers are disposed at the input slit of the
NIR imaging spectrometer.

20. A system according to claim 16 further comprising a
plurality of mnput optical fibers configured to move with the
endpoint adapter through the tubular composite part,
wherein the plurality of mput optical fibers are also config-
ured to provide near-inirared light of a wavelength from
about 750 nanometers to about 2500 nanometers 1n order to
illuminate an internal surface of the tubular composite part.
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